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Summary 
The research activity is based on the study of the phenomenon of fretting 
wear in spline couplings from the theoretical, numerical and experimental point 
of view. The fretting wear occurring in mechanical systems when sliding parts 
are in contact, leading to surface damage. The mechanical components affected 
from fretting wear experience malfunction, noisiness and loss of efficiency. The 
most common model to describe the fretting phenomenon is called Archard law. 
Starting from the Archard law, the goal is the analysis of the main parameters 
influencing the fretting and the consequent individuation of their effect on the 
spline couplings. Basing on the Archard law the wear volume depends on: 
contact pressure, sliding and material properties. Through an iterative design 
process, based on the development of a dedicated FEM model, the micro-
geometric parameters of the component directly related to the contact pressure 
value and distribution have been identified, such as the crowning radius and the 
tooth profile. Moreover, for the sliding, the main sources, as misalignment and 
variable torque have been described. In order to reduce the entity of the sliding, 
the effect of the variation of the tooth stiffness has been evaluated, by means a 
progressive reduction of its thickness. Continuing with the analysis of the 
Archard law parameters, the study focuses on the wear volume. Given the 
difficulty to estimate the amount of loss material, the evaluation of the wear 
volume in damaged spline couplings have been discussed: a method able to 
calculate it using a 2D profilometer and some mathematical assumptions have 
been presented. Moreover, the difficult to carry out experimental tests for spline 
coupling characterized by high dimension (as that for high power transmissions) 
make necessary to develop a way to predict the wear volume. Then, a method 
for the prediction, based on the use of a pin-on-disk tribometer have been 
developed and discussed. The last parameter involving on the Archard law is the 
wear coefficient that depends on the materials and on the lubrication conditions. 
In order to find solutions to mitigate friction and wear, a series of experimental 
tests have been developed on the dedicated test bench. The purpose of these tests 
is the measurement of the friction coefficient following the addition of Graphene 
Nano-Platelets (GNP) into the grease for spline couplings. A series of 
preliminary Pin-on-disk tests on three different greases have been carried out: 
 three different greases were added, using different percentages of GNP 
respectively. The results of both test bench test and pin-on-disk test confirm the 
good effect of graphene in reducing coefficient of friction. Finally, the 
possibility to use graphene as solid lubricants for steel have been investigated. 
For the production of the specimens, different techniques of graphene production 
and coating were used; the characterization of the surfaces following both the 
covering process and the tribological tests was carried in order to define the wear 
mechanisms affecting the surface. A series of pin-on-disk tests have been carried 
out confirming the possibility to use graphene as solid lubricant.  
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Introduction 
 
Wear is one of the most important causes of noisiness, malfunction and low 
efficiency of mechanical systems. One of the sources of surface damage is the 
fretting wear.  This phenomenon occurs when parts in contact slid between them 
of a small amplitude. Given the growing need to work with even more reliable 
mechanical components, it becomes of primary importance to mitigate the 
fretting wear affecting the mechanical components.  
The research activity presented on this thesis aims to the analysis of the 
fretting wear affecting spline couplings. The fretting wear occurring between the 
teeth in contact represents, in fact, one of the most important causes of run out 
of spline couplings used in high power transmission systems.  
During the last decades the fretting wear have been studied by several 
researchers. Basing on the theoretical and experimental evidences found on the 
past, the objective of the first chapter will be to give a general explanation about 
the fretting wear. As explained on the chapter, different wear regimes can affect 
the system leading to different wear damage. In order to know witch regime can 
concern the mechanical system analysed, it is of first importance to understand 
the differences between them. Moreover, it also important to consider that, 
depending on the type of wear, different type of wear can affect the surfaces. In 
order to understand the main differences among them the different wear 
mechanisms will be descripted. Regarding the modelling of the fretting wear, 
during the years different models have been presented. The most common is the 
Archard model; it has been used by different researchers thanks to the simplicity 
and adaptability to different situations. The Archard model and the parameters 
involving on it (contact pressure, sliding and wear coefficient) will be presented 
and analysed. The last paragraph of the chapter 1 concerns the literature review 
about the fretting wear on spline couplings. The main causes of fretting wear on 
spline couplings are principally related to the design and to the working 
conditions. The more recent works are focused on the prediction of the fretting 
wear of spline coupling by means numerical models and experimental test; it is 
a difficult issue because of the complexity of the phenomenon.  
On the basis of the Archard law, on the second chapter a detailed analysis of 
the design parameters involving on the wear will be presented. The study is 
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based on the development of a FEM: the model regards a crowned spline 
coupling and will be validated by means of the hertzian theory. Thanks to the 
numerical model, the microgeometry parameters directly influencing the contact 
pressure established between the teeth in contact will be identified. Later, the 
analysis will focus on the second most important parameters influencing the 
fretting wear: the sliding. The explanation of the different sources of sliding 
between the teeth will be given. Basing on the numerical model the influence of 
the teeth flexibility on the sliding entity will be also evaluated. The last part of 
the second chapter concerns the wear volume calculation on damaged spline 
couplings: it is a complex issue and an easy method to estimate it will be 
presented. Finally, the problem of predicting wear in spline coupling a priori will 
be addressed presenting an innovative way to estimate it. 
The wear coefficient is the third parameter involved on the Archard law. It 
depends on the characteristics of the materials in contact and it is influenced by 
the lubrication conditions established on the parts in contact. Given the great 
importance of this aspect, the third chapter will focus on the improvement of the 
lubrication of spline couplings. The objective of the chapter is to investigate the 
possibility to use graphene as liquid lubricant additive. First, a series of 
preliminarily experimental test conducted on a pin-on-disk machine will be 
presented. The investigation regards three different greases generally used in 
spline couplings. Following these results, the better mixture of grease and 
graphene is tested by means a dedicated test rig for spline couplings. Then, the 
results of this application will be presented and discussed. 
The mitigation of the friction and wear can be achieved using not only liquid 
lubricants but also solid lubricants. Focusing on the development of innovative 
solid lubricants, the fourth chapter will discuss about the possibility to use 
graphene monolayer as solid lubricant for steel. After the description of two 
different covering mechanisms, the results of the pin-on-disk test on the steel 
with graphene specimens will be presented. Wear mechanisms, coefficient of 
friction and wear coefficient will be discussed.  
  
 
  
1 Fretting wear in mechanical 
systems  
1.1 The fretting phenomenon 
Fretting is defined as the small amplitude oscillating movement which may 
occur between contacting components subjected to working conditions as cyclic 
loads, mechanical vibration, electromagnetic shocks and thermal cycling [1], [2]. 
The fretting may result in surface damage as particles detachment and rapid 
cracks nucleation and propagation. The first phenomenon is called fretting wear 
and consists in the progressive removal of material and the consequent debris 
production. Instead, the cracks growth caused by fretting is identified as fretting 
fatigue.  
The fretting process has been found to be dependent on a large number of 
variables, explaining the complexity of the fretting process. The way in which 
surface is damaged during fretting depends strongly on the contact conditions 
(geometry, normal and tangential forces, displacement amplitude, vibrational 
frequency) establishing on the rubbing surfaces. During the years a wide analysis 
on the fretting conditions has been developed [2]-[5]. The first important result 
has been achieved by Vingsbo and Söderberg [6] that, basing on experimental 
observation and theoretical analysis, distinguished three fretting regimes:  
1) stick regime; 
2) mixed stick-slip regime; 
3) gross slip regime. 
The stick regime is related to low damage fretting: the surfaces are slightly 
damaged by wear and oxidation and fatigue cracks are absent. The phenomenon 
is governed by elastic deformation of the contact interfaces sticking at the 
contact centre. The friction coefficient fluctuates in the steady-state stage. The 
mixed stick-slip is characterized by the growth of cracks that may result in 
strongly reduced fatigue life, while wear and oxidations phenomena are limited. 
As a consequence, the surface damage mode is the fretting fatigue. In this stage 
some elasto-plastic deformation appears and the coefficient of friction still 
corresponds to the static value. In the gross slip regime the surfaces appear to be 
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damaged by wear and oxidation phenomena. In this regime the formation of 
debris is the critical factor: the materials particles accumulate among the 
contacting surfaces and forms oxide beds that modify the properties of the 
interfaces leading to improper performances of the mechanical components. 
Fretting wear is the main surface damage mode. In this stage, the slip occurs in 
the whole contact zone, strong plastic deformations occur and a transition from 
static to kinetic friction happens.  
As a result of the study, Vingsbo and Sodeberg developed apposite fretting 
maps showing the relevant fretting regimes in function of two variables. The 
wear maps permit to identify the fretting regime affecting the rubbing surfaces 
when the contact parameters are known. As an example, Figure 1.1 reports the 
fretting map in terms of normal load and sliding amplitude in which the three 
regimes are highlighted.  
 
Figure 1.1. Wear map by Vingsbo [6]. 
The map shows the critical values of displacements amplitude defining the 
boundaries corresponding to each fretting regime. These values increasing 
linearly with normal load amplitude. Starting from a low amplitude case, an 
increase in the displacement amplitude determine the passage from the stick 
regime to the mixed stick slip regime: the risk of a fretting fatigue failure 
increases. A further increase on the displacement amplitude (above 10 m about) 
would reduce the risk of fatigue failure at the expense of increased wear that 
characterized the gross slip regime. An explanation of this phenomenon was 
given by Nishioka and Hirakawa [7] demonstrating that, when the slip increases, 
the stress to initiate cracks becomes larger due to the abrasive effect of the wear 
that can abrade away previously initiated fretting fatigue cracks. At this point, 
an augmentation on the slip amplitude (above 300 m) may inhibit the fretting 
process, when the reciprocating sliding regime appears.  
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1.2 Wear mechanisms 
There are different wear mechanisms that can lead to the fretting wear. In 
order to analyse and, then, to prevent the wear on sliding systems, it is of 
fundamental importance to understand which of the existing wear mechanisms 
may result from certain contact conditions.   
The main types of wear behaviour are [8]: 
- adhesive wear; 
- abrasive wear; 
- corrosive wear; 
- oxidative wear; 
- thermal wear. 
 In general, during the sliding the surfaces are in contact between their 
asperities. The relative movement causes stress on the asperities and, after some 
cycles, their break with the production of new ones. The produced fragments are 
usually removed from the softer asperity and adhere to the harder surface 
forming a “transfer film” (see schematization on Figure 1.2). They can 
subsequently become loose and give rise to wear debris. This phenomenon is 
called adhesive wear. In this case, the fracture of the asperities can be ductile or 
brittle. Sometimes the adhesive wear is caused by the breakdown of the lubricant 
film, as for example in lubricated mechanical components that may experience 
starvation of lubricant [9].  
 
Figure 1.2. Adhesive wear schematization. 
In the case of plastic contact between hard and sharp material and relatively 
soft material, the harder material penetrates to the softer one. When the fracture 
is supposed to be brought about in the manner of micro-cutting by the indented 
material, the resultant wear is called abrasive wear. The wear scar can be 
produced by an asperity of the harder material (two-body abrasive wear, figure) 
or by the hard particles confined between the surfaces (three-body abrasive wear, 
Figure 1.3). Such particles may be introduced between the two softer surfaces as 
a contaminant from the outside environment, or they may have been formed in 
situ by oxidation or by some other chemical or mechanical process. The surfaces 
affected by abrasive wear is characterized by scratching and long parallel 
grooves on the same direction of the sliding.  
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Figure 1.3. Abrasive wear schematization. 
There are also other aspects to consider: during the sliding process some 
kind of interaction will occur between the environment and the surfaces in 
contact. As a consequence, in case of sliding contact in corrosive environment 
corrosive wear can occurs. When corrosion wear is combined with adhesive 
wear or abrasive wear, the wear rate can increase quickly. Chemical reactions of 
the surface with a chemical reagent or a reactive lubricant produce a film on the 
sliding surface. This film will be broken during the sliding by an adhesive or 
abrasive mechanism exposing fresh material to a new chemical reaction.  
Moreover, on the most common case, if in the atmosphere oxygen is present 
a form of corrosive wear called oxidative wear can be exists. In Figure 1.4 a 
schematization of the mechanism is shown. Although the most part of the 
observation about oxidative wear regards steel sliding systems [10]-[12] more 
recently evidence of oxidative wear in aluminium alloys [13] and in magnesium 
alloys [14], [15] have been found. 
 
Figure 1.4. Oxidative wear schematization. 
In other situations, the material removal can be governed by surface melting 
produced by frictional heating or by surface cracking caused by thermal stress. 
This wear mechanism is called thermal wear. Here the heat caused by the friction 
and partial high temperature governs the phenomenon. 
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In general, the different wear mechanisms don’t take place alone, but often 
they coexist and interact. Analysing the worn surfaces, it is probable to find 
evidence that different mechanisms occurred. In fact, the different wear types 
can arise at different times or they could be related to the variation of the contact 
conditions during the sliding. 
1.3 Archard Model 
Many models developed for the description of the wear phenomenon are 
available in the literature. Their mathematical expressions vary from simple 
empirical relationships to complex equations based on physical concepts and 
principles [16]. The empirical equations are directly constructed on the basis of 
data taken from specific tests, then they are valid only within the range of the 
test as well as the parameters and variables involved. As a consequence, very 
few of those models have been used to predict wear in practice. The most 
frequently used wear model derives from contact-mechanics theory and it is 
known as the Archard wear law [17]. The basic form of the model was first 
published by Holm [18]. The equation was based on experimental observations 
and expresses the wear volume (𝑉) as function of the most important parameters 
involving on the fretting phenomenon: the coefficients related to the materials 
(𝐾 and 𝐻), the load applied (𝐹) and the sliding amplitude (𝑆): 
 
𝑉 =
𝐾 𝐹 𝑆
𝐻
 
 
The parameter K is an empirical non-dimensional coefficient associated to 
the probability that during the contact between the rolling surfaces two asperity 
will produce a wear particle; while 𝐻 is the penetration hardness of the softer 
material. The terms 𝐾 and 𝐻 are both related to the material response, then they 
can be grouped in a single parameter defined wear coefficient 𝑘. Using this 
notation, the equation becomes the follow: 
 
𝑉 = 𝑘 𝐹 𝑆 
 
During the years, the Archard model found application in many studies. 
Several others models related to particular applications have been derived from 
the Archard law, as the model for the percussive impact [19] or the Bayer zero 
model [20]. Goryacheva et al. [21] developed an analytical method to evaluate 
fretting wear under partial slip conditions starting from the Archard model. In 
1994, Johansson [22] implemented the Archard law into an algorithm for the 
prediction of frictional contact between two elastic bodies. It has been shown 
that the model is useful for the analysis of the fretting wear in mechanical 
components. McColl et al. [23] used the Archard model to develop a finite-
element method for simulating the fretting wear in aeroengine transmission 
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components. Hugnell et al. [24] simulated the wear in a cam follower contact 
using the model and similarly Sawyer [25] presented an analytical solution for 
the wear prediction in a simple-cam. Moreover, the simple wear Archard model 
has been used successfully for the prediction of the wear in various mechanical 
components, as gears [26]-[29] and bearings [30]. 
1.4 Fretting wear in spline couplings 
Spline couplings are mechanical components used to transmit the torque by 
means of a certain number of engaging teeth. They find application in system of 
aero-engines, automotive systems and many other industrial sectors. 
Spline couplings can experience fretting wear damage becoming a critical 
factor for the reliability of the mechanical system. It is the relative motion 
between the teeth of the shaft and hub that causes the spline wear. 
The entity of fretting wear in spline couplings depends on different factors 
as the misalignment between the shaft and hub, not adequate lubrication 
conditions and a wrong design [31]-[32]. 
Generally, in working conditions it is very difficult to achieve the perfect 
alignment between the teeth of shaft and hub. In fact, the angular misalignment 
can derive from errors in design and manufacturing process, or from the variation 
in the dynamic operating conditions. It is demonstrated that the angular 
misalignment is the first cause of fretting wear in spline couplings [31]-[33]. 
Then, the design process should ever consider the presence of misalignment in 
order to reduce the bad effects and make a minimum misalignment acceptable.  
It is known that the geometry of the spline teeth strongly influences the entity 
of the fretting wear. The teeth of involute spline couplings can be “straight” or 
“crowned”. In these two configurations the contact regime is completely 
different. Many studies focused on the comparison between the two geometries 
finding that the crowned teeth geometry better allow the angular misalignment, 
promoting less fretting wear [31], [32], [34]. The distribution of the load on the 
flanks of the teeth changes dependently from the tooth profile [35]. When spline 
couplings with straight teeth work in misaligns conditions, the contact 
establishes only on a portion of the tooth face width and this may cause uneven 
reacting loads, a complex pressure distribution and a non-uniform load 
distribution between teeth [36]. For this reason, in some works, the tooth profile 
modification has been be implemented in order to improve the fretting wear 
performances [35], [37]. 
As mentioned above, also the lubrication conditions influence the fretting 
wear. The lubrication is directly related to the Coefficient of Friction (CoF) 
establishing between the sliding surfaces [31], [39]. It is demonstrated that 
lubricant (oil or grease) can reduce the wear more than 60% [32]. Then, the 
reduction of the CoF becomes a very important goal to achieve for reducing 
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wear. For this scope, not only oil or grease have been considered, but also surface 
treatments and coatings can be investigated [31].  
Different wear mechanisms as adhesive wear, oxidation wear and abrasive 
wear can coexist on spline couplings [38]. If lubricated teeth experience an 
uneven load and then direct contact between the teeth, the local heating leads to 
adhesion with relative debris formation. The metal particles finding in the 
lubricated environment induce oxidation wear. Moreover, being the teeth of 
shaft and hub very close, the trapped particles can produce abrasive wear. 
The prediction of fretting wear is a complex issue because of the many 
variables involved as contact pressure, slip amplitude, wear coefficient, debris 
distribution and microstructure and environment. This prediction becomes more 
complicated in case of complex engineering assemblies (as spline couplings) that 
experience fretting damage. In particular, the complex relationship of the fretting 
wear with the slip regime and the progressive production of wear debris make 
difficult the detection of a quantitative model of fretting wear for spline 
couplings. Many authors based their investigation about wear prediction on 
spline couplings using the Archard model. In these works, the law is used to 
implement FEM models of spline couplings by means of it is possible to predict 
wear in defined circumstances [35]-[42]. In fact, the numerical simulations 
permit to calculate the slip and contact pressure distribution needed on the 
Archard law. The numerical approach is commonly coupled with a series of 
experimental tests on very simple specimen configuration by which the wear 
coefficient is detected.  
The experimental tests in research about wear in spline couplings are very 
difficult to perform because of the very complex geometry and of the many 
parameters involving on the phenomenon. Some experimental tests involved 
only basic configurations [43], [44], but in this case it is difficult to find the 
correlation between this simplified test and the real fretting behaviour. As a 
consequence, some authors created dedicated workbench for the investigation 
on spline wear [45], [46], [47]. An interesting research was conducted by Cuffaro 
et al. [48]. They developed a test rig capable to allow misalignment between hub 
and shaft, and, then to simulate the real working conditions.  
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2 Contact pressure, sliding and 
wear volume prediction 
2.1 Contact Pressure 
The first engineering variable involved in the wear damage of spline 
couplings is the contact pressure established between two engaging teeth. The 
value of the contact pressure and the shape of the contact area strongly depend 
from the local geometry of the two bodies in contact, then from the 
microgeometry of the teeth.  
There are two different geometries used for the teeth of the spline couplings: 
the straight teeth and the crowned teeth. For the two different configurations, 
having similar way to work, the contact pressure distribution will be different. 
In particular, the simple contact between straight teeth is generally modelled as 
a punch, while for the crowned teeth the contact conditions are more complicated 
and the modelling require the use of the hertzian theory [1]. 
In this chapter, a numerical model of crowned spline couplings, developed 
to study the contact pressure phenomenon, will be presented. The FEM model 
have been validated using the Hertzian theory.  
On the basis of the numerical model, the goal of this paragraph will be the 
evaluation of the microgeometry parameters influencing directly the contact 
pressure, in order to better understand their role during the design phase. 
2.1.1 FEM model 
As mentioned above, a set of FEM models of crowned spline couplings have 
been carried out in order to evaluate the contact pressure between the teeth and 
to identify the most important microgeometry parameters influencing it. The 
numerical simulations have been built by means of Abaqus Software.  
The spline coupling geometry has been chosen according to DIN 5480-1 [2] 
(modulus m=3, reference diameter dB=50 mm). The basic rack profile is shown 
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in Figure 2.1. All representative parameters of the spline coupling in its basis 
configuration are reported in Table 2.1. 
 
Figure 2.1. Shaft and hub teeth profile main dimensions (DIN 5480-1).  
 
 
Table 2.1. Spline couplings parameters; 1: shaft, 2: hub. Dimensions in mm. 
For the FEM model first-order tetrahedral solid elements have been used 
throughout. The mesh size in the contact area is very fine (about 0.2 mm) to 
better fit the geometry and to decrease the error. The material of both shaft and 
hub has been defined using Young modulus E=210 GPa and Poisson coefficient 
=0.3. In order to define the contact behaviour between the teeth, contact 
surfaces in each tooth have been created (as it can be seen in Figure 2.2). A 
surface interaction named “contact pair” has been chosen; a type “surface-to-
surface” discretization has been chosen instead of the “node-to-surface”: <<the 
“surface-to-surface” enforces contact conditions in an average sense over 
regions nearby slave nodes rather than only at individual slave nodes>> [3]. The 
contact tracking approach is of the type” finite-sliding tracking” that allows for 
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arbitrary separation, sliding, and rotation of the surfaces. The coefficient of 
friction between the surfaces in contact has been set equal to 0.11, which 
corresponds to the average value typically found for the material considered.  
Torque about shaft axis has been applied on the extremity of the shaft, while 
displacements related to all directions have been blocked on the opposite 
extremity of the hub.  
  
Figure 2.2: FEM model of the spline coupling: shaft (left) and hub (right). 
Abaqus gives a series of results related to the contact analysis such as contact 
pressure (command CPRESS) and frictional shear stress (CSHEAR) or relative 
tangential motions (CSLIP). 
Figure 2.3 shows an example of numerical results in terms of contact 
pressure distribution (CPRESS) on the shaft (left) and on the hub (right). Also, 
the shape of the contact area is emphasized in this figure.  
 
Figure 2.3. Example of numerical results: contact pressure distribution on the shaft (left) and on 
the hub (right). 
The value of the contact pressure, the shape of the elliptical contact area 
(represented by the ratio between the half-axis) and its position along the length 
width and with respect to the involute profile are the most important parameters 
to consider. The position of the contact area with respect to the length width can 
give informations about the presence of misalignment or not: if the footprint is 
not centred with respect to the centre line of the tooth, there would be 
misalignment. 
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2.1.2 Validation of FE results using the hertzian theory 
As mentioned above, for the analytical calculation of the contact pressure 
the theoretical models considered is the well-known hertzian theory [4]. The 
pressure values calculated from the hertzian theory consist in maximum and 
mean pressure values and the corresponding contact area entity.  
Considering the contact between the teeth, the contact area is an ellipse of 
semi-major axis a and semi-minor axis b calculated as follow: 
 
𝑎 = 𝜇 𝑞 
𝑏 = 𝜈 𝑞 
being: 
- 𝜇 and 𝜈 coefficients functions of an auxiliary angle cos 𝜏 defined as: 
cos 𝜏 =
(𝜌1𝑚𝑎𝑥 − 𝜌1𝑚𝑖𝑛) − (𝜌2𝑚𝑎𝑥 − 𝜌2min )
∑ 𝜌
  
 
and ∑ 𝜌 = 𝜌1𝑚𝑎𝑥 + 𝜌1𝑚𝑖𝑛 + 𝜌2𝑚𝑎𝑥 + 𝜌2𝑚𝑖𝑛, in which 𝜌1𝑚𝑎𝑥, 𝜌1𝑚𝑖𝑛, 
𝜌2𝑚𝑎𝑥 and 𝜌2𝑚𝑖𝑛 are the maximum and minimum curvatures of the two 
bodies; 
- 𝑞 a parameter depending from the contact force 𝐹, and the characteristics 
of the material of the two bodies, calculated as: 
 
𝑞 = √
3
8
𝐹
𝜃1 + 𝜃2
∑ 𝜌
3
 
 
where 𝜃𝑖 = 4
𝑚𝑖
2−1
𝑚𝑖 
2𝐸𝑖
, in which 𝑚𝑖 is the Poisson modulus and 𝐸𝑖 is the 
Young modulus of the -ith body.  
Following the results of the theory, the mean contact pressure is: 
 
𝑝𝑚𝑒𝑎𝑛 =
𝐹
𝜋 𝑎 𝑏
 
 
And the maximum contact pressure is: 
 
𝑝𝑚𝑒𝑎𝑛 = 1.5 𝑝𝑚𝑒𝑎𝑛 
 
As can be seen, to calculate the hertzian contact pressure between the 
engaging teeth, the equivalent curvatures of the two bodies in contact must be 
obtained. Due to the tooth pair geometry the contact problem may be 
approximated as an elliptic contact problem. In this case 4 curvature radii must 
be obtained (two for the shaft tooth and two for the hub). The problem can be 
divided into two planes: one parallel to the tooth with and the other parallel to 
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the tooth profile. In this way 4 radius of curvature have been identified (see 
Figure 2.4): 
- R1x: radius of curvature of the shaft along x plane (crowning radius); 
- R1y: radius of curvature of the shaft along y plane (involute radius); 
- R2x: radius of curvature of the hub along x plane (crowning radius); 
- R2y: radius of curvature of the hub along y plane (involute radius). 
In particular, for as concerns the shaft, the crowning radius R1x is related to 
the minimum curvature ρ1min  and the involute radius R1y is related to the 
maximum one ρ1max. For as concerns the hub no crowning radius has been 
considered (maximum curvature ρ2max is zero) and the involute radius corresponds 
to minimum curvature ρ2min.  
 
 
Figure 2.4: Curvature radii of the shaft (left) and hub (right). 
The contact force, depending on the applied torque, has been calculated as 
the equivalent force applied at the average contact diameter (Figure 2.5). The 
force is inclined by the pressure angle. This is an approximation as the pressure 
angle of 20° should be only at the pitch diameter, but is acceptable as an error 
R1x
R1y R2x
R2y
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on the real pressure angle of 2° brings to a difference in the force calculation of 
1.3%. 
 
Figure 2.5: Contact force calculation. 
Table 2.2 shows the percentage of difference on the results of Hertzian theory 
and numerical model in terms of maximum contact pressure, mean contact 
pressure and contact area.  
 
Parameters %Diff. 
Maximum Contact Pressure [MPa] 4.9 
Mean Contact Pressure [MPa] 10.9 
Contact area [mm2] 8.9 
Table 2.2. Results comparison between Hertz theory and FEM. 
The value of the maximum contact pressure calculated by FEM is higher 
respect to the Hertzian model by only 4.9%, while the mean contact pressure 
value is 10.9% lower than the theoretical model. The related difference on the 
value of the contact area is 8.9%.  
On the basis of the above results, the difference on the results between 
theoretical and the FEM model seems acceptable. 
The main difference between Hertz’s model and FE model is that in the first 
one the contact geometry is approximated by ellipses while in the FE models the 
geometry is the actual one. Then, the difference between FE and Hertz results 
could be related to the above quoted approximation in the geometry. Moreover, 
it is important to remember that the Hertz theory is based on the hypothesis of 
perfect elasticity of the material and absence of friction force.  
Average diameter
Contact ForcePressure angle
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2.1.3 Microgeometry parameters influencing the contact 
pressure 
The sensitivity analysis for the microgeometry parameters involves some 
micro corrections of the tooth geometry, related firstly to the crowning radius 
and then to the involute profile. In Figure 2.6 the scheme of the involute 
correction is presented. Only the modification of the shaft profile has been 
considered: the red profile represents the new shaft profile, the contact point (on 
the average diameter) between the teeth remains the same. 
For the different numerical models developed to investigate the problem, all 
calculations have been made considering different values of applied torque, 
maximum and minimum curvatures of the shaft. In particular, two torque levels 
have been applied, 500 Nm and 700 Nm; four values of ρ1max have been used, 
1/11.3, 1/10.9, 1/10.5 and 11/10.7 mm-1; three values of ρ1min have been chosen: 
1/5000, 1/4000 and 1/3000 mm-1; ρ2min has been set as -1/14.05 mm-1 for all cases. 
For each possible combination of these three parameters, maximum contact 
pressure pmax, mean contact pressure pmean, contact area and ratio a/b between half-
axis of the contact ellipse (respectively maximum and minimum) have been 
calculated. In Table 2.3 the microgeometry parameters of the 6 models 
developed are presented.  
 
 
Figure 2.6: Involute correction scheme. 
 
INVOLUTE CORRECTION
THEORETICAL PROFILE
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Table 2.3. FEM models parameters. 
Figure 2.7 shows an example of FEM results in terms of contact pressure 
distribution on the shaft for three different model: m1, m2 and m3. The shape of 
the contact area, emphasized in this figure, is elliptical for every model. As 
expected, the main difference is related to the value of the max contact pressure 
and the position of the foot print respect to the tooth profile, depending on the 
value of the involute radius applied. 
 
Figure 2.7. Example of FEM results: contact pressure distribution of the model m1 (up), m2 
(centre) and m3 (down). 
Figure 2.8, Figure 2.9 and Figure 2.10 show respectively the trend of both 
maximum and mean contact pressures and of the contact area by varying the 
microgeometries of the shaft, obtained by analytical and FE calculations. In 
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particular, maximum and mean contact pressure and contact area are represented 
as a function of the maximum curvature ρ1max (related to the involute radius) and 
the crowned radius, or better the minimum curvature ρ1min, acts as a curve 
parameter. It may be noted that, as expected, the entity of microgeometries 
strongly influences the contact parameters. In particular, the variation of the 
involute curvature radius makes possible to tune the actual value of the 
maximum pressure together with the contact area. As expected, all curves are 
shifted by the increase of the torque level in the direction of a corresponding 
damage increasing; this represents a local phenomenon.  
 
 
Figure 2.8: Mean contact pressure trends: analytical and numerical results. 
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Figure 2.9: Maximum contact pressure trends: analytical and numerical results. 
 
Figure 2.10: Contact area trends: analytical and numerical results. 
2.2 Sliding evaluation 
On the basis of the Archard law, in addition to the contact pressure, the other 
very important parameter influencing the fretting wear is the “sliding”. In fact, 
as explained in the previous paragraph, it is the relative motion between teeth in 
contact that may usually create a surface damage and the corresponding 
progressive loss of material.  
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In spline couplings, the total relative sliding between engaging teeth is due 
to two contributes:  
 kinematic movement due to angular misalignment; 
 tooth deflection due to the tooth deflection 
The kinematic movement caused by angular misalignment can be calculated on 
the basis of kinematic considerations, while the sliding due to the tooth 
deflection can be evaluated using the developed numerical models. The total 
sliding will be the resultant of these two displacements. 
2.2.1 Sliding due to the misalignment 
The kinematic sliding is due to the kinematic relative movements of 
engaging teeth during the shaft rotation when shaft and hub work in 
misalignment conditions. When the spline coupling is aligned, the load 
distribution among engaging teeth is uniform, as investigated by means of both 
numerical and theoretical approaches, by some authors [5], [6], [7]. In this case 
(aligned spline), no spurious loads are generated. In the other hand angular 
misalignment causes a modification in teeth loading, bringing to a non-uniform 
load distribution among engaging teeth [8],[9],[10]. Curà and Mura [11] in 2017 
analysed the reacting loads caused by the presence of misalignment in spline 
couplings.  
Straight teeth in splined couplings should work only in aligned condition, 
while crowned teeth may allow a little angular misalignment between hub and 
shaft. Anyway, it happens that also straight teeth splined couplings may work in 
misaligned conditions. In both cases the misalignment is allowed only by the 
clearance between teeth.  
In misalignment conditions (angle not equal to zerothe contact point, that 
in aligned conditions belong to a vertical line through the middle point of the 
face width, moves of a distance “b” respect to the middle line (see Figure 2.11) 
and this causes the sliding during the revolutions. 
 
Figure 2.11: Contact point between the teeth in case of misalignment.  
Chapter 2 
 
44 PhD Thesis 
 
Following these considerations, the sliding due to the misalignment can be 
evaluated on the basis of kinematic formula. Considering the scheme of Figure 
2.12, during a revolution the relative displacement of the contact point A of the 
shaft can be divided in two components: the first one along the x axis (length 
width) and the second one along the y axis (involute profile), calculated as: 
 
𝑋𝑎 =  𝑟𝑚 sin(𝛼 sin(𝜔𝑚𝑡)) 
𝑌𝑎 =  𝑟𝑚 −  𝑟𝑚 sin  cos(𝛼 sin(𝜔𝑚𝑡)) 
 
Figure 2.12. Scheme for understanding the components of the contact point displacements. 
The sliding of the point calculated at average radius 𝑟𝑚 depends on the 
rotation angle 𝜔𝑚𝑡 and it is characterized by an harmonic trend. In Figure 2.13 
an example of displacements trend during the revolution is reported. As can be 
seen, the total relative displacement of the point in one cycle will be two times 
the maximum displacement (the pick value). 
 
Figure 2.13. Example of relative displacement trend of the contact point during the revolution. 
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In order to better understand how the contact distribution change in 
misalignment case, the numerical model has been modified including a 
misalignment angle between shaft and hub equal to 0.654 mrad.  The position of 
the contact area along the length width varies in harmonic way as the contact 
point does (Figure 2.14). Moreover, the Figure 2.14 also highlight the possibility 
to incur in mesh dependency problems when very complex non-linear 
phenomena are simulated. In this case, the contact pressure distribution shows a 
discontinuity (a red spot on the middle of the contact area and a distortion from 
the elliptical shape); that is related to the shape of the mesh that changes exactly 
in that points (the triangle orientation changes, as they are mirrored). For this 
reason a new FE model have been developed by changing the mesh of the teeth 
surface in order to eliminate the discontinuity.  
 
Figure 2.14. Contact pressure distribution on the numerical model in misalignment case. 
2.2.2 Sliding due to the tooth deflection  
The second sliding type is due to the variable torque: given a load the tooth 
deflects (see Figure 2.15), if the load is not constant during the spline coupling 
working, a relative sliding is generated on engaging teeth surfaces. It is easy to 
understand that the tooth deflection is directly related to the tooth stiffness. 
About this phenomenon a recent research has been carried out by Guo and 
al. [12] in a paper related to wind turbine gearboxes leading to understanding the 
behaviour of spline connections and providing recommendations to improve 
design standards.  
1 2 543 9876 10 11 12 151413
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Figure 2.15. Deflection of the teeth when a load (F) is applied. 
The evaluation of the sliding due to the load change can be made using the 
FEM simulations. By means the command “CSLIP”, Abaqus provides the results 
in terms of relative tangential displacements on the x axis (CSLIP1) and y axis 
(CSLIP2).  Figure 2.16 represents an example of relative tangent displacement 
values, involved in torque application in aligned conditions. 
  
 
 
Figure 2.16. Example of relative tangential displacement results: CSLIP1 results (up) and CSLIP2 
results (down). Aligned case. 
Despite the absence of misalignment, the results reports the presence of 
sliding in both x axis and y axis. This confirms that there is another source of 
sliding attributable to the teeth deflection when the torque varies from zero to 
y 
x 
z 
y 
x 
z 
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the maximum value. The distribution of the sliding reflects the contact pressure 
distribution characterized by an elliptical shape.  
As expected, the addition of the misalignment to the numerical model causes 
the rise of the relative tangential displacements for both directions (see Figure 
2.17) and the displacement of the maximum values outside the centre of the teeth 
length.  
 
 
Figure 2.17. Example of relative tangential displacement results: CSLIP1 results (up) and CSLIP2 
results (down). Misaligned case. 
2.2.3 Influence of tooth flexibility on the sliding 
As mentioned above, the tooth stiffness directly influences the entity of the 
sliding when the torque is applied on the component. In order to study this effect 
and understand how the stiffness impacts on the sliding, a series of numerical 
model have been developed. The FEM model used are the same presented in the 
previous paragraph and reported in Table 2.3. Every model is characterized by a 
different teeth stiffness obtained by changing progressively the teeth thickness: 
about 5% less in each model. In Figure 2.18 an example of results is reported. 
As can be seen the progressive reduction of the teeth thickness and, then, of the 
teeth thickness leads to a different sliding distribution and values.  
In Table 2.4 the results in terms of sliding values for the FEM model carried 
out are presented. In every case, the sliding along x axis (corresponding to the 
y 
x 
z 
y 
x 
z 
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length width direction) are one order of magnitude higher than the sliding along 
y axis (corresponding to the teeth profile direction). As expected, the increasing 
on the torque applied (passing from 500 Nm to 700 Nm) causes the rising of the 
sliding magnitude. 
 
Figure 2.18. Example of sliding distribution for different numerical models. 
 
2.3 Wear volume calculation on damaged spline 
couplings  
Investigating the literature, compared with the development of qualitative 
understanding of the fretting wear, its quantitative assessment is less well 
advanced. In this paragraph a method for the evaluation of the wear volume in a 
damaged spline coupling is presented. To estimate the quantity of material 
removed during the working of a spline coupling from the profile of the teeth, a 
mathematical model has been developed. 
For this purpose, a series of spline couplings tested on a dedicated test rig 
have been used. In perfect accordance to that discussed on the previous 
Table 2.4. FEM results: values of sliding. 
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paragraphs, analysing the wear surface of the teeth the footprint can be 
considered to have an elliptical shape (Figure 2.19). 
 
Figure 2.19. Enlargement of the wear scar: the track can be associated to an elliptical shape; in 
green and in blue we notice respectively the minor and the major axis of the ellipse. 
To evaluate the wear extent of the teeth a two-dimensional profilometer 
(PGS200 Profilometer by SM Instruments) have been used (Figure 2.20). 
  
 
Figure 2.20. Spline couplings fixed to the profilometer ready to be analysed. 
By taking the elliptical assumption, during the measure the 4-axis positioner 
of the instrument have been toned in order to move the tip exactly along the 
minor axis of the hypothetical ellipse (see green line on the Figure 2.20). Using 
an unworn surface as a reference surface, the Software of the profilometer prints 
a curve expressing the amount of offset at each coordinate between the nominal 
profile and the worn one (Figure 2.21). 
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Figure 2.21. Example of profile offset measure using the 2D profilometer. 
As can be seen from the Figure 2.21, the distance ℎ𝑚𝑎𝑥 correspond to the 
minor axis of the ellipse and the maximum depth of the wear scar is 𝑑𝑎𝑣,𝑚𝑎𝑥. 
Moving into 3D environment, the main assumption on the basis of the 
method is: the wear volume can be approximated as a semi-ellipsoid volume 
(Figure 2.22).  
 
Figure 2.22. Semi-ellipsoid with reported the sizes needed for the calculations. 
To calculate such volume the semi-ellipsoid can be discretized into a set of 
elementary parallelepipeds, characterized by length ℎ𝑖, width 𝑝 and height 𝑑𝑖. 
Thus, the following hypothesis have been used: 
1. the depth of the wear scar 𝑑𝑖  through x varies according to a 
circumference function passing through 3 points: the extremities of the 
Contact pressure, sliding and wear volume prediction 
 
Federica Adamo 51 
 
footprint and the point distant 𝑑𝑎𝑣,𝑚𝑎𝑥 from its centre; thus, 𝑑 (𝑥 =
𝑐
2
) =
0 and 𝑑(𝑥 = 0) = 𝑑𝑎𝑣,𝑚𝑎𝑥, ( 
2. Figure 2.23). The footprint length “c” of the wear scar is detected using 
a calliper; 
 
Figure 2.23. xz plane - circumference discretization. 
3. assuming that the footprint has elliptical shape, the value of the lengths 
ℎ𝑖 can be calculated by means an elliptical equation (xy-plane), (Figure 
2.24). 
 
Figure 2.24. xy plane - ellipse discretization. 
Table 2.5 resumes the circumference equation and ellipse equation used for 
the calculations. 
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Circumference equation 
 
 
 
Ellipse equation 
 
 
Table 2.5. Circumference equation, ellipse equation and related parameters. 
As result of the discrete calculations, the wear volume is: 
 
𝑉𝑡𝑜𝑡 = 𝑉𝑁+0.5 + 2 (∑ 𝑉𝑖
𝑁
𝑖
) 
where: 𝑉𝑁+0.5 = 𝑑𝑎𝑣,𝑚𝑎𝑥 ℎ𝑚𝑎𝑥  𝑝 is the volume of the parallelepiped lying at 
the centre, 𝑉𝑖 = 𝑑𝑖  ℎ𝑖  𝑝 is the volume of the i-th parallelepiped,  𝑝 = (𝑐 ⁄ 2)/𝑁 
is the step and N the total number of divisions. 
Knowing the value of the wear volume 𝑉𝑡𝑜𝑡, the total sliding amplitude 𝑆 
and the applied load 𝐹, the wear coefficient is: 
 
𝑘 =
𝑉𝑡𝑜𝑡
𝑆 𝐹
 
2.3.1 Considerations about the method  
The mathematical model for the prediction of the wear volume descripted 
above presents some limitations. Different experimental texts conducted using a 
dedicated test rig (for more information see Chapter 3) have demonstrated that 
the wear damage can be not uniform among the teeth. As an example, in Figure 
2.25 some optical microscope images of damaged teeth are shown. The spline 
couplings (having same dimensions of the model presented in Table 2.1) have 
been tested with the following conditions: 4’ of misalignment, torque equal to 
700 Nm, speed 1500 rpm and number of cycle equal to 6 million. The different 
wear damage result in a different amount of wear volume calculated for each 
tooth. As a consequence, different values of wear coefficient will be calculated. 
In this case, an average wear coefficient could be considered.  
𝒙𝟐 + 𝒛𝟐 + 𝜶𝒙 + 𝜷𝒛 + 𝜸 = 𝟎 
𝛼 = 0 
𝛽 =
𝑐
2
2
𝑑𝑎𝑣,𝑚𝑎𝑥
− 𝑑𝑎𝑣,𝑚𝑎𝑥 
𝛾 = −(
𝑐
2
)2 
𝒙
𝒂
𝟐
+
𝒚𝟐
𝒃
 
𝑎 =
𝑐
2
 
𝑏 =
𝑐
2
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Figure 2.25. Optical Microscope images of damaged teeth after experimental test. (Magnifications 
at 50x). 
As a further limitation of the mathematical model, it is important to consider 
the different wear mechanisms that can afflict the spline coupling. The method 
works when the material is removed from the surface of the tooth scanned by the 
profilometer, then when the tooth surface presents a furrow as a consequence of 
the wear. This situation emerges when only abrasive wear is present or in case 
of adhesive wear that causes the removal of material from the surface analysed. 
There are in fact some cases in which material is deposited on the surface of the 
tooth. As an example, see Figure 2.26 that shows optical microscope image and 
profilometer scanning of a damaged tooth. In this case, the profilometer scanning 
shows particles of material deposited on the tooth surface and the teeth surface 
appear not uniformly damaged. The explanation of this phenomenon could be 
related to adhesive wear occurring between shaft and hub: material particles 
detach from the hub (which is the softest material) welding on the shaft teeth 
surface.  
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Figure 2.26. Optical Microscope images and profilometer scanning of a damaged spline coupling 
tooth. 
2.4 Wear volume prediction in spline couplings using a 
tribometer 
Goal of this paragraph is the prediction of the wear volume using a pin-on-
disk tribometer. The idea on the basis of the method is to develop an 
experimental procedure able to predict the wear volume of a spline couplings 
working in certain conditions. 
Starting from the Archard law, it is fundamental to define the “equivalent” 
parameters” to set on the tribometer to perform the experimental tests. In fact, 
defined the working conditions of the spline coupling for which the wear volume 
have to be predicted, it is necessary to know the normal load F to apply, the total 
travelled distance D and the sliding velocity v. It also fundamental to use pin and 
disc of the same materials of the teeth in contact on the spline couplings. 
The normal load F is calculated starting from the value of maximum contact 
pressure established between the teeth and inserting it on the Hertzian model. 
For the calculation of the maximum contact pressure a FEM model similar to 
that presented above can be used (paragraph 1.1.1). Obviously, it is important to 
set the numerical model with the parameter of the spline couplings examined 
(geometry and working conditions). From the theory of Hertz, in case of a 
contact between sphere and plane, the maximum contact pressure is: 
 
𝑝𝑚𝑎𝑥 = 0.578√
𝐹𝜌2
𝐸∗2
3
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Where 𝜌 is the curvature of the pin sphere; 𝐸∗ = (1−𝜈1
2
𝐸1
) + (
1−𝜈2
2
𝐸2
) with 𝜈1, 𝐸1, 
𝜈2 and 𝐸2 Poisson modulus and Young modulus of the two materials in contact.  
Then, knowing all the above parameters, the load F to set on the tribometer is: 
 
𝐹 =
𝑝𝑚𝑎𝑥
3  𝐸∗2
0.5783 𝜌2
 
 
The total travelled distance 𝐷 to set on the pin-on-disk apparatus is 
depending on the sliding per each cycle 𝑆 that affect the spline coupling and on 
the total number of cycles performed. The calculation of the sliding 𝑆 follows 
the procedure discussed above (paragraph 1.2) based on the evaluation of the 
two components: the first one related to the misalignment and the second one 
related to the flexibility of the teeth. The total travelled distance will be equal to: 
 
𝐷 = 𝑆 ∙ 𝑐𝑦𝑐𝑙𝑒𝑠 
 
The sliding velocity 𝑣 at which the pin-on-disk test have to be performed is 
calculated as the product between the sliding per each cycle 𝑆 and the rotational 
speed of the spline coupling 𝑛 (in cycle on time): 
 
𝑣 = 𝑆 ∙ 𝑛 
 
At the end of the pin-on-disk test, the evaluation of the wear volume follows 
the procedure describe in the ASTM G99, that is based on the analysis of the 
wear scar product on the pin and on the disc. The procedure is better described 
in Chapter 4. 
2.5 Final comments 
The present chapter focused on the analysis on the most important 
parameters influencing fretting wear on spline couplings. Basing the 
investigation on the Archard law, the parameters as contact pressure, sliding, 
wear coefficient and wear volume have been analysed.  
The FEM analysis showed the necessity to realize micro geometries in 
splined couplings, in order to localize the damaged area in the middle zone of 
the teeth and to avoid pressure peaks at the extremities that may increase the 
surface damage. In addition to the microgeometries also the stiffness of the teeth 
is an important parameter in reducing the sliding, then the fretting wear. 
Regarding the third important parameter of the Archard law, the wear 
coefficient, a procedure for its evaluation has been presented. It should be noted 
that the wear volume and the wear coefficient have been calculated on the basis 
of some hypothesis, as the elliptical shape of the footprint and the wear volume 
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as semi-ellipsoid volume. Given the difficulty on the individuation of the wear 
coefficient, the method can be used as a first approximation approach. 
The prediction of the wear volume in mechanical components is complex. 
In this work a new method to theoretically calculate the wear volume on spline 
couplings has been presented. For the application of the method, based on the 
use of a pin-on-disk tribometer, the individuation of the “equivalent parameters” 
is required. Such parameters can be obtained by means of the numerical 
simulations and analytical models presented in the first paragraph. 
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3 Graphene as grease additive to 
improve tribological 
performances of spline 
couplings  
3.1 Current status 
Graphene has received a great interest by researchers in a wide field of 
applications. Referring to tribological aspects, graphene has been considered as 
an additive in lubricants, in order to reduce components friction and machine 
losses. Studies on both nanoscale and microscale demonstrated that applying 
graphene as lubricant, either solid or lubricant additive, allows to reduce 
considerably friction of steel, and then to drop wear by 3-4 orders of magnitude 
[1]. The early studies on graphene as solid lubricant were performed by Filleter 
et al. [2], demonstrating that a reduction of the thickness of the most common 
solid lubricant graphite to few layers allows a reduction of the friction 
coefficient. Some papers are available in literature about graphene utilized as 
additive in solids or liquid lubricants. In a form of modified graphene platelets 
(MGP), it has been used as a lubricant oil additive [3], showing an improving of 
oil performance in terms of reducing wear resistance. The reduction of friction 
and wear obtained using mineral oils formulated with graphene oxide (GO) 
nanosheets has been investigated in [4]. In [5] and [6] the effect of multilayer 
graphene nanosheets used as additive into respectively bentone grease and 
calcium grease has been analysed; a reduction of the friction coefficient due to 
the additive has been observed. Some other papers recently studied similar 
tribological aspects, exploring the possibility to reduce friction simply 
introducing graphene additives in classical lubricants [7]-[12]. 
Despite the big potential of graphene in this field, its use as a lubricant or a 
lubricant additive on macro-meso scale remains relatively unexplored [13]. In 
particular, the literature is lacking about specific applications of graphene added 
lubricants on mechanical systems.  
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Object of this chapter is to evaluate the possibility to use graphene as grease 
additive for spline couplings. Firstly, the Coefficient of Friction (CoF) of 
different compositions of grease-graphene compounds (grease added with 
Graphene Nano- Platelets) has been evaluated using a Pin-on-Disk Tribometer. 
Then, experimental tests on a dedicated test rig [14] have been performed in 
order to evaluate the effect of the grease-graphene compound on the CoF of the 
component.  
3.2 Preliminary tribological tests with the grease 
compounds  
3.2.1 Grease compounds analysed   
Three different base greases have been used for the tests. The greases are 
commercial lubricants commonly used in mechanical components as spline 
couplings and bearings. Each grease is characterized by different chemical 
composition but all the three have excellent thermal stability within its operating 
temperature range.  
 Graphene Nano-Platelets (GNP) have been added to the base greases in 
order to evaluate its effect as lubricant additive. GNP have grade C-500 
properties, characterized by 2 nm particles thickness, with a diameter less than 2 
μm and average surface of 500 m2/g. Different compounds of grease have been 
made using a Heidolph Torque Precision 400 homogenizer, then mixed for 30 
min at room temperature in order to achieve uniformly dispersion of GNP into 
the grease. 
For each grease the following compounds have been used to perform the 
tribological tests: 
1. Grease A: 
a. Grease A - Pure 
b. Grease A + 0.5% GNP 
c. Grease A + 1% GNP 
d. Grease A + 5% GNP 
2. Grease B: 
a. Grease B - Pure 
b. Grease B + 0.5% GNP 
c. Grease B + 1% GNP 
d. Grease B + 5% GNP 
3. Grease C: 
a. Grease C - Pure 
b. Grease C + 0.5% GNP 
c. Grease C + 5% GNP 
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d. Grease C + 10% GNP 
3.3 Tribometer tests: ball-on-disk 
Coefficient of Friction (CoF) has been evaluated using a Pin-on-Disk 
Tribometer (TRB - Anton Paar) for a selected sliding distance, normal load and 
a linear sliding velocity. The pin has spherical shape: 6 mm diameter balls have 
been used for the test. The Pin-on-disk apparatus measures instantaneous values 
of CoF during the tests calculating at the end the average value. Table 3.1 
displays the chosen parameters for the tests.  
 
Base 
Material 
% GNP Load  
[N] 
Linear Speed  
[m/s] 
Sliding Distance  
[m] 
Grease A 0.5 – 1 – 5 30 0.008 – 1.667 50 – 100 
Grease B 0.5 – 1 – 5 30 0.008 – 1.667 50 – 100 
Grease C 0.5 – 5 – 10 5 0.1 100 
Table 3.1. Tests conditions used on the pin-on-disk tests for the greases. 
For each compound three tests have been carried out. Both ball Specimen 
and disk specimen are made in C40 steel. During the tests temperature and 
humidity was constant and equal to 21°C and 40% respectively. 
Figure 3.1 shows the tribometer apparatus with flat specimen covered by 
Pure Grease A (on the left) and specimen covered by Grease A + 0.5% GNP 
compound (on the right) installed. 
  
Figure 3.1. Pin-on-disk tests: specimen covered by Pure Grease (left) and specimen covered by 
Grease + 0.5% GNP. 
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3.3.1 Results 
Figure 3.2, Figure 3.3 and Figure 3.4 shows an example of the results of the 
pin-on-disk tests for the three mixtures. The graph represents the trend of friction 
force FF versus time. In all cases, an initial peak is observed: this could be due 
to the initial instability of the phenomenon. In fact, the very higher values of the 
CoF are recorded in the first test moments.  
 
 
Figure 3.2. Example of CoF trend during the Pin-on-disk test: grease A pure at 0.008 m/s (up) and 
grease A pure at 1.667 m/s (down). 
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Figure 3.3. Example of CoF trend during the Pin-on-disk test: grease B pure at 0.008 m/s (up) and 
grease B pure at 1.667 m/s (down). 
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Figure 3.4. Example of CoF trend during the Pin-on-disk test: grease C pure at 8 mm/s. 
Table 3.2 reports the results in terms of average CoF for each compound 
tested and the related standard deviation. For all configurations the low values 
of the standard deviation denote the small scattering between the same three tests 
executed. The diagrams in Figure 3.5, Figure 3.6 and Figure 3.7 better show the 
CoF values for each compound.  
 
 
Grease A 
Linear Speed Compound CoF St. Dev. 
1.667 m/s 
Grease A-Pure 0.112 0.007 
Grease A+0.5% GNP 0.116 0.004 
Grease A+1% GNP 0.105 0.04 
Grease A+5% GNP 0.116 0.01 
0.008 m/s 
Grease A-Pure 0.111 0.08 
Grease A+0.5% GNP 0.111 0.06 
Grease A+1% GNP 0.104 0.018 
Grease A+5% GNP 0.110 0.004 
 
Grease B 
Linear Speed Compound CoF St. Dev. 
1.667 m/s 
Grease B-Pure 0.116 0.002 
Grease B+0.5% GNP 0.126 0.006 
Grease B+1% GNP 0.119 0.005 
Grease B+5% GNP 0.122 0.006 
0.008 m/s Grease B-Pure 0.122 0.011 
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Grease B+0.5% GNP 0.139 0.008 
Grease B+1% GNP 0.118 0.005 
Grease B+5% GNP 0.127 0.014 
 
Grease C 
Linear Speed Compound CoF St. Dev. 
0.1 m/s 
Grease C-Pure 0.130 0.020 
Grease B+0.5% GNP 0.111 0.010 
Grease B+5% GNP 0.097 0.006 
Grease B+10% GNP 0.114 0.001 
Table 3.2. Pin-on-disk tests results: average CoF and standard deviation. 
Regarding the Grease A (Figure 3.5), the values of CoF seems to be not 
strongly dependent from the linear speed of the tests: the CoF of the pure grease 
is equal to 0.111 and 0.112 in case of test velocity equal to 0.008 m/s and to 
1.667 m/s respectively. Adding 0.5% of GNP to the grease A, the CoF remains 
the same (0.111 at 0.008 m/s) or even increases up to 0.116 for the tests at 1.667 
m/s. A better results is registered for the “Grease A + 5% GNP” compound, for 
which the values of CoF decrease by 7%.     
 
Figure 3.5. Average CoF values: Grease A. 
For the Grease B (Figure 3.6) similar considerations to the grease A can be 
made. The linear velocity affects little the CoF trend. The best result is related 
to the “Grease B + 1% GNP” compound at 0.008 m/s: the CoF passes from 0.122 
to 0.118, representing a reduction of only 3.3%. For the other compounds the 
results seem to be not promising. 
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Figure 3.6. Average CoF values: Grease B. 
The results of the Grease C, tested at a linear speed equal to 0.1 m/s, are 
shown in Figure 3.7. Starting from a value of 0.130 of the pure grease, the CoF 
decreases up to 0.111 when 0.5% of GNP is added. The best results are related 
to the “Grease C + 5% GNP” compound for which the CoF has a value of 0.097, 
representing a reduction of about 25%. A further addition of GNP (up to 10%) 
does not improve the results, but determine a little rise of the CoF value respect 
to the 5% GNP added. This could demonstrate that an optimal percentage of the 
additive exists and it has to be find within the 5% and 10%. Further experimental 
tests carried at different percentages of GNP within this range could provide the 
optimal value. 
 
Figure 3.7. Average CoF values: Grease C. 
Comparing the three greases, the Grease C presents the best results in terms 
of reduction of CoF. In general, all the three grease it is possible to affirm that 
an optimal value of GNP percentage exists and can be investigated.   
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3.4 Test bench experiments 
Following the pin-on-disk results, a series of experimental tests on the 
mechanical component (the spline couplings) using similar grease compound 
have been carried out.   
For the tests, a dedicated test rig has been used and the calculation of the 
CoF during the tests is based on the following considerations. In spline couplings 
the torque is transmitted thanks to the teeth of hub and shaft. In Figure 3.8 a 
generic scheme of spline couplings is shown. The presence of the torque 𝑇 
creates a tangential force 𝐹𝑇𝑖 acting on each tooth pair. This tangential force 𝐹𝑇𝑖 
is the resultant of the contact pressure [15] and acts on the average contact radius 
𝑟𝑎. The relation between the torque, the tangential force and the contact radius is 
the following: 
 
𝑇 =  ∑ 𝐹𝑇𝑖 ∙ 𝑟𝑎
𝑁
1
 
 
where N is the number of engaging teeth. 
The tangential force 𝐹𝑇𝑖 acting on the surface of the teeth produces a friction 
force 𝐹𝐹𝑖; the two forces are linked by means the coefficient of friction 𝜇 as 
follows: 
 
𝐹𝐹𝑖 = 𝐹𝑇𝑖 ∙ 𝜇 
 
Considering the whole component, the total friction force FF acting on the 
spline coupling is equal to the sum of all the single friction forces 𝐹𝐹𝑖 established 
on each teeth; the total force FF is that necessary to move the shaft along the axis 
direction (Figure 3.8).  
 
Figure 3.8. Spline coupling loading. 
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The calculation of the friction coefficient 𝜇 established between the teeth 
can be made starting from the value of the 𝐹𝐹𝑖 (that can be measured) and 
applying the following equation:  
 
𝐹𝐹𝑖 = ∑ 𝐹𝑇𝑖
𝑁
1
∙ 𝜇 
3.4.1 Test bench description 
The experimental tests on spline couplings have been carried out using a 
dedicated test rig. In Figure 3.9 and Figure 3.10 the relative scheme and picture 
are reported. On the test rig, the hub of the spline coupling is fixed on a rotating 
flange, connected to the fixed part of the system. The shaft of the spline coupling 
is connected to a skid mounted over two linear motion guides, in order to allow 
the linear motion of the part (the shaft). 
The rotating shaft is connected to a bar where a force W can be produced by 
the positioning of a weight in the weight housing: the weight generates the force 
W necessary to produce the torque T that will acting the spline coupling. The 
load applied on the spline couplings can be varied by changing the weight 
applied. The maximum weight capability of the test rig corresponds to 50 kg, 
equal to a torque acting on the component equal to 63 Nm. 
The skid is linked through a load cell to a screw jack activated by a gear 
motor that generates the linear motion and producing the sliding between the 
teeth. In fact, the screw jack pulls and pushes the shaft of the spline coupling 
with respect to the hub that is fixed; as a result, the load cell measures the force 
𝐹𝐹 needed to move the skid. Then, the coefficient of friction existing among the 
teeth in contact can be calculated as the ratio between the measured force 𝐹𝐹 and 
the tangential force 𝐹𝑇 generated by the torque. 
The DC gearmotor mounted has a voltage equal to 24V, nominal torque 
equal to 4 Nm and maximum torque equal to 40 Nm. The rotational speed on the 
shaft at the out shaft is 35 rpm and the sliding velocity was set to 0.23 mm/s.  
The load cell used is a Miniature Burster 8435 characterized by a measuring 
range of 1000 N. Data are acquired by a data acquisition board (NI USB-6210 
National Instruments) with a sampling frequency of 50 Hz and collected by a 
dedicated software developed in LabVIEW environment. 
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Figure 3.9. Scheme of the spline couplings test rig. 
 
Figure 3.10. Picture of the spline couplings test rig. 
3.4.2 Test conditions 
For the experimental tests on the test rig different configurations have been 
applied. The reason of this is related to the need to describe as much as possible 
the real conditions at which the spline coupling can be subjected. The coefficient 
of friction calculated as the average of all different test performed will be more 
representative of the real working conditions. The spline couplings have been 
tested at different load levels: the load that will be applied between the teeth in 
contact has changed by varying the weight mounted on the weight housing.  
Also the torque direction have been changed for the tests: in this way both 
of teeth side experienced the forces application. In Figure 3.11 a simple scheme 
of a section of the coupling is presented and the two possible torque directions 
are highlighted.   
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Figure 3.11. Representation of a transversal section of the coupling: both possible torque directions 
are highlighted.  
Moreover, by rotating the shaft with respect to the hub different engaging 
position can be developed. In this case, all the test have been repeated by 
changing three times the angular position of the shaft respect to the hub: at 0°, 
120° and 240°. 
The last testing parameter considered is the direction of the teeth sliding: the 
friction force have been measured on both forwards and backwards direction. 
Regarding the grease compound used to lubricate the teeth, based on the 
better results of the tribological tests the base grease used for the test rig 
experiments was the grease C. The commercial name is “SKF LGMT 2 grease” 
and the following five compounds have been analysed:  
 Compound 1: grease only; 
 Compound 2: grease + 0.5% GNP; 
 Compound 3: grease + 1% GNP; 
 Compound 4: grease + 5% GNP; 
 Compound 5: grease + 10% GNP. 
In Figure 3.12 the five mixture prepared for the test are shown. 
Resuming all the possible configuration for the tests there are: three load 
level applied, two tooth sides tested, three engaging position considered and two 
sliding direction changed. In total, 36 kind of tests have been developed for each 
of the five lubricant compounds. For statistical concerns each test have been 
repeated three times. In total 540 tests have been performed.  
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Figure 3.12. The five compounds of grease and graphene used for the tests. 
3.5 Test bench results 
The graph of Figure 3.13 represents the trend of friction force FF versus time. 
At the beginning of the test the force is zero, then the DC motor is activated push 
the foreword stroke then the force increases up to a steady state (when the 
velocity is constant), then after 8 mm stroke, the motion direction is 
automatically inverted and the force changes sign as now the motor pull 
backward the spline.  
 
Figure 3.13. Example of data required from the test: friction force graph. 
The value of the friction force FF needed to the calculation of the coefficient 
of friction have been detected considering the stable part of the trend, and 
considering both the values related to the forward stroke and backward stroke. 
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Table 3.3, Table 3.4, Table 3.5, Table 3.6 and Table 3.7 show the results in 
terms of coefficient of friction (indicated as CoF) for each configuration of test 
performed. For every configuration the test have been repeated three times and 
the value of CoF reported is the average of the three tests. In particular, the tables 
report the results for each grease compound tested: in Table 3.3 the CoF values 
for the test performed with grease only are reported; Table 3.4, Table 3.5, Table 
3.6 and Table 3.7 respectively show the results for the grease addictivated with 
0.5%, 1%, 5% and 10% of Graphene Nano-Platelets (GNP). 
In Table 3.8 a statistical analysis of all CoF values detected for each test is 
presented. Parameters as mean, standard deviation (StDev) and Confidence 
Intervals (CI) have been calculated on the basis of the one-way ANOVA. 
Analysing in detail the results, the Compound 1 (pure grease) present a CoF 
equal to 0.141 that is considered as the value of reference. All the standard 
deviation values are low, indicating the good reliability of the results obtained in 
each tests. The intervals of confidence (CI) give a range of values probably 
containing the true mean of each group of measurements. 
 
Table 3.3. CoF results of the tests performed using the Compound 1 (LGMT2). 
 
Table 3.4. CoF results of the tests performed using the Compound 2 (LGMT2 + 0.5% GNP). 
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Table 3.5. CoF results of the tests performed using the Compound 3 (LGMT2 + 1% GNP). 
 
Table 3.6. CoF results of the tests performed using the Compound 4 (LGMT2 + 5% GNP). 
 
Table 3.7. CoF results of the tests performed using the Compound 5 (LGMT2 + 10% GNP) 
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Table 3.8. Statistical analysis performed on the overall CoF results. 
The general CoF trend for the five groups of tests is shown on Figure 3.14. 
On this figure the points highlighted correspond to the value of CoF found for 
each kind of test executed; they don’t’ represent the scattering of the results 
because of the different conditions at which the tests are conducted. In particular, 
observing each column of points, the points that have to be compared with each 
other are, for example, all the highest points at the different percentages, or the 
lowest points. 
As can be seen, the CoF values decrease progressively with the adding of 
the Graphene Nano-Platelets. In particular, adding an amount of GNP equal to 
0.5% (Compound 2) the CoF register a reduction equal to 7.8% (from 0.141 to 
0.130). For the compound realized adding 1% of GNP (Compound 3) a further 
diminution of the CoF is registered: the value is equal to 0.129, corresponding 
to a difference of 8.5% respect to the Compound 1 (pure grease). Instead, the 
addition of 5% of GNP (Compound 4) leads to a reduction of the CoF equal to 
13.5% respect to the pure grease (0.141 compared with 0.122). A further addition 
of GNP until the 10% (Compound 5) allows to register the maximum decrease 
of CoF that is equal to 16.3% (corresponding at a value of 0.118). 
The positive effect on the reduction of the CoF addicting the grease with 
GNP could be due to the formation of a graphene protective layer on the surface 
of the specimen [5], [16]. 
Moreover, it is not to be excluded that the very thin nano platelets of 
graphene can produce a nano-ball bearings effect on the rubbing surfaces [6], 
[12].  
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Figure 3.14. Plot of the CoF for each compound tested. 
 
Figure 3.15. Plot of the CoF values for each compound tested with the scattering highlighted.  
Comparing the CoF values obtained in both Pin-on-Disk and spline coupling 
tests (see Figure 3.16), it is possible to conclude that in the real application the 
CoF value are slightly bigger respect to the ones obtained by the Pin on Disk 
tests. This can be due to many causes, as for example the different contact regime 
and the different sliding velocities used in the two kind of tests. These parameters 
may affect the GNP distribution and the consequent effect on the tribological 
performance.  
Finally, Figure 3.16 reports the comparison between CoF obtained in both 
Pin-on-Disk and spline coupling tests, in terms of CoF values. 
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Figure 3.16. Comparison between CoF obtained in the Pin-on-Disk tests and spline coupling tests. 
The results show that the GNP added to grease generally reduces the 
coefficient of friction, in both materials and components.  
From the analysis of all results, it may be observed that the addition of GNP 
into the grease gives considerable benefits in terms of CoF reduction. Results 
also show that for the spline coupling the CoF reduces by increasing the 
percentage of GNP added into the grease, but the effect is different for the pin-
on-disk tests, for which an optimal percentage of GNP exists. 
3.6 Corrosion test 
An important parameter in lubricants is the ability to attenuate or vice versa 
to increase the corrosion tendency of the mechanical components on which it is 
applied. In fact, the additive can improve the tribological properties of the 
lubricant/grease but it could worsen or improve other its properties, such as the 
corrosive characteristics. In many studies, other features are evaluated alongside 
the evaluation of the tribological effects of the additive [17], [18].  
In this work, to assess the corrosivity of the grease with GNP a corrosion 
test has been carried out. The corrosivity test follows the ASTM D4048 [19]: the 
method involves the use of copper strips which are immersed in the grease, then 
left in an oven and subsequently examined according to a reference table.  
Before the test all the samples have been mechanically cleaned and prepared 
with a dedicated wash solvent. The copper strips, insert within bakers full of 
grease, were placed inside the oven with a uniform temperature of 100 ° C for 
24 hours without interruption (Figure 3.17). 
At the end of the tests, the corrosiveness of the copper strips has been 
evaluated according to how they appearance agrees with the “Copper Strip 
Classification” guideline reported on the standard. The results are presented in 
Table 3.9. 
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Figure 3.17. Compounds inside the oven. 
The addition of GNP to the Grease C causes a little increase of its 
corrosiveness passing from a “3b” grade to a “4a” grade for the 0.5% and 1% of 
GNP, arriving to “4b” grade in case of 5% and 10% of GNP added. On the basis 
of these results it can be stated that the corrosivity increases as the percentage 
added increases. 
 
Grease Classification Designation Description 
Grease 
C 
Pure 
3b Dark Tarnish 
Multicolored with red and 
green showing (peacock) but no 
grey 
Grease 
C 
+0.5% 
GNP 
4a Corrosion 
Transparent black, dark grey, or 
brown with peacock green 
barely showing 
Grease 
C 
+1% 
GNP 
4a Corrosion 
Transparent black, dark grey, or 
brown with peacock green 
barely showing 
Grease 
C 
+5% 
GNP 
4b Corrosion Graphite or lustreless black 
Grease 
C 
+10% 
GNP 
4b Corrosion Graphite or lustreless black 
Table 3.9. Corrosion test results. 
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3.7 Final comments 
The goal of this chapter was the investigation on the possibility to use 
Graphene Nano-Platelets (GNP) as grease additive. The purpose is the 
improvement of the lubricant properties in order to mitigate friction and wear on 
spline couplings. The reduction of the CoF, directly influencing the wear 
coefficient, can lead to less wear damage. 
GNP has tested as additive for three different greases for spline couplings. 
A series of preliminary test on a pin-on-disk tribometer demonstrated the 
potentiality of GNP in reducing the CoF. In fact, the tests with the grease C with 
5% of GNP registered a decrease of the CoF equal to 25%.   
The grease C, that resulted that with the best results, have been used for the 
tests on the spline couplings. The experimental campaign have been conducted 
in a dedicated test rig and different configurations have been considered. The 
results of a total of 540 tests have been analysed by ANOVA analysis 
demonstrating its statistical reliability. Different percentages of GNP have been 
tested and the results demonstrating again the positive effect of GNP in reducing 
CoF. Using 10% of GNP the CoF reduces up to 16.3%. 
 
  
Graphene as grease additive to improve tribological performances of spline couplings 
 
Federica Adamo 79 
 
3.8 References 
[1]. Berman, D., Erdemir, A., & Sumant, A. V. (2013). Few layer graphene 
to reduce wear and friction on sliding steel surfaces. Carbon, 54, 454-459. 
[2]. Filleter, T., McChesney, J. L., Bostwick, A., Rotenberg, E., Emtsev, K. 
V., Seyller, TH & Bennewitz, R. (2009). Friction and dissipation in epitaxial 
graphene films. Physical review letters, 102(8), 086102. 
[3]. Lin, J., Wang, L., & Chen, G. (2011). Modification of graphene platelets 
and their tribological properties as a lubricant additive. Tribology letters, 41(1), 
209-215. 
[4]. Senatore, A., D'Agostino, V., Petrone, V., Ciambelli, P., & Sarno, M. 
(2013). Graphene oxide nanosheets as effective friction modifier for oil 
lubricant: materials, methods, and tribological results. ISRN Tribology, 2013. 
[5]. Fan, X., Xia, Y., Wang, L., & Li, W. (2014). Multilayer graphene as a 
lubricating additive in bentone grease. Tribology Letters, 55(3), 455-464. 
[6]. Kamel, B. M., Mohamed, A., El Sherbiny, M., Abed, K. A., & Abd-
Rabou, M. (2017). Tribological properties of graphene nanosheets as an additive 
in calcium grease. Journal of Dispersion Science and Technology, 38(10), 1495-
1500. 
[7]. Yu, W., Xie, H., Chen, L., Zhu, Z., Zhao, J., & Zhang, Z. (2014). 
Graphene based silicone thermal greases. Physics Letters A, 378(3), 207-211. 
[8]. Cheng, Z. L., & Qin, X. X. (2014). Study on friction performance of 
graphene-based semi-solid grease. Chinese Chemical Letters, 25(9), 1305-1307. 
[9]. Liu, Y., Wang, X., Pan, G., & Luo, J. (2013). A comparative study 
between graphene oxide and diamond nanoparticles as water-based lubricating 
additives. Science China Technological Sciences, 56(1), 152-157. 
[10]. Song, H. J., & Li, N. (2011). Frictional behaviour of oxide graphene 
nanosheets as water-base lubricant additive. Applied Physics A, 105(4), 827-
832. 
[11]. Fan, X., & Wang, L. (2015). High-performance lubricant additives based 
on modified graphene oxide by ionic liquids. Journal of colloid and interface 
science, 452, 98-108. 
[12]. Fan, X., Li, W., Fu, H., Zhu, M., Wang, L., Cai, Z., ... & Li, H. (2017). 
Probing the function of solid nanoparticle structure under boundary 
lubrication. ACS Sustainable Chemistry & Engineering, 5(5), 4223-4233. 
[13]. Berman, D., Erdemir, A., & Sumant, A. V. (2014). Graphene: a new 
emerging lubricant. Materials Today, 17(1), 31-42. 
Chapter 3 
 
80 PhD Thesis 
 
[14]. Mura, A., Curà, F., & Adamo, F. (2018). Evaluation of graphene grease 
compound as lubricant for spline couplings. Tribology International, 117, 162-
167. 
[15]. Cura, F., Mura, A., & Gravina, M. (2013). Load distribution in spline 
coupling teeth with parallel offset misalignment. Proceedings of the Institution 
of Mechanical Engineers, Part C: Journal of Mechanical Engineering 
Science, 227(10), 2195-2205. 
[16]. Chu S, Jin Z, Xue Q. Study of the interaction between natural flake 
graphite and oil soluble additives. Tribology 1997; 17 (4):340–7. 
[17]. Li J, Xu X, Wang Y, Ren T. Tribological studies on a novel borate ester 
containing benzothiazol-2-yl and disulfide groups as multifunctional additive. 
Tribol Int 2010;43:1048–53. 
[18]. Zhan, W., Song, Y., Ren, T., & Liu, W. (2004). The tribological 
behaviour of some triazine–dithiocarbamate derivatives as additives in vegetable 
oil. Wear, 256(3-4), 268-274. 
[19]. ASTM D4048 – Standard Test Method for Detection of Copper 
Corrosion from Lubricating Grease. 
  
4 Graphene to decrease CoF and 
wear of steel 
4.1 Current Status 
In order to obtain good performances in sliding systems, it is very important 
to have low values of friction and wear. The improvement of the tribological 
behaviour of mechanical components is getting more and more importance for 
many researchers. In fact, friction and wear cause less efficiency, worse 
reliability and a shorter components life. It is possible to mitigate friction and 
wear applying liquid or solid lubricants at sliding contact interfaces.  
When liquid lubricants cannot be used, as in some automotive components, 
aerospace systems and ultra-high vacuum technologies, solid lubricants, such as 
graphite, molybdenum disulfide (MoS2), and hexagonal boron nitride [1]-[3] are 
often used. The main issues about the use of solid lubricants regard their 
durability and their sensibility to environmental conditions, like the presence of 
humidity and oxygen [4]-[6]. Moreover, there are also several limitations in its 
application concerning the needed specific deposition techniques [7]. 
Considering what stated above, many recent research works are focused on the 
development of novel coating materials and deposition techniques. 
Recently, several works analysed the use of graphene as an additive for 
lubricating oils/greases or as a solid lubricant [4], [8]. Graphene was discovered 
in 2004 [9] and it is a two-dimensional carbon material. It is very interesting for 
many applications for its exceptional mechanical and electrical properties. 
Moreover, several researchers, as Penkov et al [4], have highlighted that its 
properties are very well suited for tribological applications. 
Many works highlighted how graphene can be very effective as lubricant oil 
additive: to improve oil performance and to reduce friction and wear is sufficient 
to add a little weight percentage of graphene [10] - [12]. Moreover, other studies 
have analysed the use of graphene as grease additive: the conclusions were that 
the presence of Graphene Nano-Platelets (GNP) into grease can enhance its 
tribological performances causing a reduction of both friction and wear of about 
50% [13] - [15]. 
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Furthermore, the use of graphene as coating of substrates to improve its 
tribological performances has been studied in several works. Different methods, 
including mechanical exfoliation [16], Chemical Vapor Deposition (CVD) [17] 
- [19], epitaxial growth [20], rod coating technique [21] and inkjet printing 
method [22] can be used to apply Graphene coatings. 
In 2009, Filleter et al. [23] studied the effect of epitaxial graphene films on 
tribological properties of SiC substrates demonstrating that the presence of 
bilayer graphene leads to a reduction of friction by a factor of 2.  
Kim et al. [24] demonstrated the feasibility of electrodynamic spraying 
process (ESP) covering method in the fabrication of Graphene Oxide Nanosheet 
(GONS) coatings; moreover, they highlighted its potentiality in reducing 
friction. 
Berman et al. [8], [25] studied self-mated steel tribo-pairs in humid air and 
dry nitrogen with solution-processed graphene (SPG) in order to evaluate the 
friction behaviour; they found a decrease of friction and wear up to 3-4 and 6 
order of magnitude respectively. 
Kim et al. in 2011 [17] first studied the use of CVD-grown graphene films. 
Graphene grown on copper and nickel was used obtaining a decrease in adhesion 
and friction during micro-and nanoscale contact.  
Established that graphene coatings improve the tribological performance in 
mechanical applications, it is useful to compare the performance of coated 
materials obtained by means of different coating techniques in order to identify 
their suitability for industrial application. In particular, clearly the most 
interesting coated material is steel as it is the most used material in mechanical 
applications. 
In this work, C40 steel samples uncoated and coated with graphene applied 
by means of two different methods have been analysed and compared regarding 
their tribological performances. In several mechanical application the C40 steel 
is often used, therefore such material was considered as base material for the 
experiments. The two considered coating methods were CVD grown graphene 
on copper and then transferred on steel samples (TGC) and directly grown on 
steel graphene by CVD technique (DG); such last method has been applied 
considering growing times of both 5 and 10 minutes.  
To evaluate the tribological performances of the samples, a series of ball-
on-disc tests have been made. Based on such experiments, it was possible to 
examine the different graphene coated samples behaviours and to identify the 
best methods for mechanical applications in terms of friction and wear reduction. 
4.2 Materials  
The considered C40 steel specimens analysed in the experimental campaign 
have 10x10x4 mm dimensions. The preparation of such specimens was the 
following: firstly, the specimens have been grinded, obtaining an average Ra 
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roughness of 0.4 m, and cleaned by sonication in acetone and then with water. 
Secondly, they were sonicated in Isopropyl Alcohol (IPA) in order to eliminate 
all the impurities and dirt. Finally, the surfaces have been coated.  
4.3 Covering Processes 
In order to cover the sample surfaces two different ting techniques have been 
used: 
1) Direct Growth (DG) using CVD 
2) Transferred Graphene Coating (TGC).  
At the end of the tests, the results obtained have been analysed and compared 
to define the coating solution with the best tribological performance. 
4.3.1 Direct Growth using CVD 
The CVD technique [17], [18] used in the DG process, synthesizes large-
area graphene directly on the specimen surface. The Ambient Pressure Chemical 
Vapor Deposition (APCVD) method has been utilized [19]. Firstly, the specimen 
is put into the CVD furnace (Figure 4.1) in which the temperature reaches 1000 
°C in 30 min within a hydrogen environment obtained with 10 sccm of H2. 
Temperature is maintained at 1000 °C for 30 min in order to conduct a pre-
annealing process. When the mix of methane (10 sccm) and hydrogen (100 
sccm) is put into the APCVD system, the graphene synthesis starts. Then, after 
growth, the specimens were quickly cooled to room temperature. Quality and 
quantity of the graphene layer coated surface can be influenced by the growing 
time [18], [19]. Therefore, two different direct growing times have been 
considered, 5 minutes (DG-5min) and 10 minutes (DG-10min), to highlight the 
effect of such parameter on the coated specimens’ tribological performance. 
 
Figure 4.1. LPCVD furnace; example with copper samples inside. 
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4.3.2 Transferred Graphene Coating  
Following the LPCVD procedure [21], in the “Transferred Graphene 
Coating (TGC)” process the monolayer graphene film is grown on copper foil 
substrate. 
In order to create a support layer for the graphene film, an EVA (Ethylene 
Vinyl Acetate) polymer coating is spin-coated on the graphene+copper foil and 
then dried in the oven at 80 °C. Then, by means of a copper etchant, the copper 
foil is removed. 
The thin layer of graphene and EVA is then inserted in a deionized water 
bath, and subsequently transferred on the specimen surface. Follows the drying 
with N2 stream and oven baking at 80 °C for about 1 hour. Finally, the EVA is 
removed using xylene and the specimen is annealed to remove the remaining 
particles of EVA. This procedure is shown in Figure 4.2. By means of this 
procedure, it is possible to obtain graphene coating layers only 1 atom thick [26]. 
 
Figure 4.2. Transferred Graphene coating phases: (1) LPCVD, (2) Polymer coating, (3) Foil cutting, 
(4) Cu etching, (5) DI water bath, (6) Substrate attaching. 
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4.4 Experimental tests 
A “TRB Anton Paar” Pin-on-Disk tribometer (Figure 4.3) has been used to 
carry out the tribological tests.  
Considering the normal load on the disk, by means of the machine it is 
possible to measure the instantaneous friction force of the tribometer system and 
to obtain the Coefficient of Friction. Throughout the pin-on-disk test, a force of 
5N has been applied, at a constant linear speed of 50 mm/s. It has been 
considered a total sliding distance of 100 m. A 100Cr6 steel ball with a radius of 
3 mm has been used as a counterpart. The air temperature was 23°C while the 
humidity was 39%. Three tests for each specimen have been performed to give 
statistical meaningfulness at the experimental campaign. Wear race have been 
then measured by means of a profilometer (SM Metrology Systems PGS200), in 
order to calculate the worn material volume (according to ASTM G99 standard 
[27]). 
Using a value of Young’s modulus equal to 210 GPa, a Poisson’s coefficient 
equal to 0.3, the maximum and mean hertzian contact pressure established 
between the pin and the specimen were respectively 710MPa and 470MPa. 
During the tests the humidity and temperature have been monitored and the 
values was respectively 39% and 23°C. Each test have been repeated three times 
for statistical concerns. 
The ASTM G99 [27] gives the guidelines to calculate the volume of material 
loss. The equation to use is the following: 
 
𝑉 =
𝜋∙𝑤3∙𝑟
6∙𝑅
  
         
where 𝑤 is the average wear race width (measured at three different points of 
the sample surface distant 120° each other); 𝑟 is the radius of the wear track; 𝑅 
is the radius of the pin. Using a 2D profilometer (SM Metrology Systems 
PGS200) the wear track width has been scanned and measured. 
In Table 4.1 the values of normal load and sliding speed used for the tests 
have been reported.  
 
 
Sample Type Number of test repetitions 
Normal load 
 [N] 
Sliding speed 
[mm/s] 
No coated 3 5 50 
TGC 3 5 50 
DG-5min 3 5 50 
DG-10min 3 5 50 
Table 4.1. Testing parameters set on the pin-on-disk tribometer. 
For the sample covered by means the DG method a measurement of the 
Vickers Hardness (HV/0.3) have been carried out. The goal of the measurements 
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is to evaluate the effect of the DG covering process on the microstructure of the 
sample. As mentioned above, the DG process works at high temperature and the 
following cooling could be rapid. A micro hardness tester (Rupac Innovatest 
Nexus 4500) has been used; the measurement has been repeated 5 times and the 
average value of hardness have been calculated. 
 
 
Figure 4.3. Principal components of the Pin-on-Disk tribometer (TRB Anton Paar). 
4.5 Results 
4.5.1 Hardness measurement  
Figure 4.4 reports the results of the hardness detection. The Vickers hardness 
of the no coated sample (pure steel) is equal to 189 HV, while for the DG-5 min 
and DG-10 min the values are equal respectively to 187 HV and 164 HV. Then, 
the hardness of the samples covered using the 5 minutes process presents similar 
hardness of the pure steel. The DG-10 min specimen seems to be less hard than 
the original material, registering a reduction of the hardness of about 12%.The 
reason can be related to the high temperature process that lead to the 
decarburization of the sample surface [28]. 
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Figure 4.4. Values of Vickers Hardness for the no coating and DG covered samples. 
4.5.2 Wear mechanisms 
In order to analyse the wear mechanisms affecting the tested samples a series 
of SEM scans have been carried out. In Figure 4.5 an example of the SEM 
images detected for each kind of specimen have been reported. Two different 
magnifications have been used in order to highlights the wear track shape 
(smaller magnification) and the indications of the type of wear (higher 
magnification).  
Comparing all the wear tracks of the specimens, the pure steel presents the 
bigger width. This indicates more material losing during the test, than a higher 
CoF established between the two surfaces (as the tribological results report). 
In the Figure 4.5 (b) the wear scan of the TGC sample is reported: the surface 
is characterized by several scratch lines having the direction of the sliding. This 
kind of damage is typical of abrasive wear. Also the relative higher 
magnification (Figure 4.5 (b’)) shows a very smooth surface, contrarily to the 
other three samples. The presence of abrasive wear could be the explanation of 
the better results in terms of CoF found for the TGC samples (see Figure 4.7). 
Analysing the Figure 4.5 (c), the DG-5min sample seems to be principally 
affected by adhesive wear. The SEM scan, in fact, reveals a less defined wear 
track characterized by the presence of spallings and furrows. More in detail, the 
magnification of the DG-5min specimen (Figure 4.5 (c’)) shows the presence of 
a crack. As descripted on the first chapter, the cracks are produced when fatigue 
wear mechanism occurring on the sliding system. The characteristics of the wear 
scar, the presence of both adhesive wear and fatigue wear can justify the poor 
effect on the reduction of the CoF reached by the DG-5min samples. 
The wear scar of the DG-10 min (Figure 4.5 (d)) is characterized by more 
scuffing and plowing respect to the DG-5min ((Figure 4.5 (c)), but the 
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magnification of Figure 4.5 (d’)) reveals also the presence of some furrow. If the 
scuffing and plowing are characteristic of abrasive wear, the furrow are typical 
of adhesive wear: in this case both phenomenon are coexisting.  
For the DG-10 min (Figure 4.5 (d)) the degree of scuffing and plowing 
increases, but some furrow is still presents (highlighted by the magnification in 
indicating the coexistence of adhesive wear and abrasive wear. 
By means of the SEM images is not so easy to comprehend if the graphene 
layer or a fraction of it still exist on the damaged surface. But, observing the 
higher magnifications of the coated specimens (Figure 4.5 (b’), (c’) and (d’)) the 
presence of several black zones can be noted. The black zones could be particles 
of graphene still present inside the wear track after the test. 
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Figure 4.5. Wear tracks detected with the SEM: (a) Pure steel; (b) TGC; (c) DG-5min; (d) DG-
10min; images marked with apex (‘) are the relative magnifications. 
4.5.3 Coefficient of Friction  
For all the samples tested the results in terms of coefficient of friction have 
been calculated considering the average CoF of each test (detected in 100 m of 
sliding distance).  
In Figure 4.6 an example of the CoF trend in function of the sliding distance 
is shown. On the graph two zones are visible: a transient zone (where the CoF 
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vary due to the coating wear), and a steady state zone in which the CoF trend is 
practically constant. For the calculation of the CoF the values registered on the 
steady state zone have been used: the average represents the CoF result. 
Analysing the trend of CoF obtained, for each test the steady state zone has been 
identified starting from 40m of travelled distance (Figure 4.6). 
 
Figure 4.6. Example of CoF trend in function of the travelled distance (Test 1, DG-10min sample). 
Figure 4.7 presents the average CoF values resulting from the tribometer 
tests. The values have been calculated as the average of three values. 
 
Figure 4.7. Values of CoF for the no coated and coated samples. 
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Generally, observing the results, the graphene coating seems to decrease the 
CoF of the samples. In particular, the specimen made by the transferred graphene 
coat (TGC) displays the best result, by diminishing the CoF of 12.5%. A CoF 
diminution is registered also for the samples with direct grown graphene, but 
less than the TGC one; in particular the DG-5 min samples presents a CoF 
reduction of 8.5%, while on the DG-10 min sample the decrease is equal to 7.5%. 
The samples covered by graphene could have a better behaviour thanks to the 
capability of the 2D material (as graphene) that inserted between contact 
surfaces allow the reduction of shear stresses and therefore reduction of CoF [8], 
[25], [29], [30]. It is important also to consider that the three coating methods 
presented lead to different coatings quality, in particular the TGC should develop 
a graphene layer with less adhesion respect to the DG graphene [17], [31], while, 
for the DG coatings the adhesion should be higher, but the growth time 
influences the number of defects on graphene coating [31]. As the results for the 
three methods in terms of CoF reduction are not so much different, it can be 
supposed  that during the first laps, the graphene coating is broke, but small 
fragments of graphene remaining deposited on the sliding surfaces working as 
solid lubricant [32], [33].  
4.5.4 Wear coefficient  
In order to evaluate the effect of the graphene coatings on the wear strength 
of the samples, the specific wear rate 𝑘 have been calculated. The calculation is 
based on the Archard law [34], as follow: 
 
𝑘 =
𝑉
𝑆 ∙ 𝐹
 
 
In the equation 𝑉 is worn volume at the end of the test, 𝑆 is the total sliding 
distance and 𝑁 is the applied load. For the calculation of the worm volume 𝑉 the 
ASTM G99 [27] standard have been used: the track width of the sample surface 
at three different locations (at about 120° distance one from the other) have been 
measured, then the average of the three values have been calculated and inserted 
on apposite formula. 
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Figure 4.8. Optical images of the wear tracks: (a) no coating; (b) TGC; (c) DG-5min; (c) DG-10min. 
In Figure 4.8 the optical images of the circular wear tracks after the tests are 
reported. 
In Figure 4.9 the results in terms of specific wear rate for each kind of 
specimen is presented: the values are the average of three tests repeated at the 
same conditions.  
 
Figure 4.9: Specific wear rate. 
The results shows that the coating method influences the specific wear rate 
of the sample. The best result is obtained for the DG-10 minutes sample: the 
reduction of 𝑘 is equal to 52%. For the TGC samples the diminution is about 
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39%, while for the DG-5 minutes coating a reduction equal to 24% is observed. 
Maybe the less defects of the coating produced by a higher deposition time in 
case of DG-10 min sample, could explain its better results [31]; in fact, for the 
DG-5 minutes sample the results are not good as the DG-10 minutes sample; 
moreover, also the better coating adhesion of the DG-10 minutes coat could 
bring to better tribological performances [17]).  
4.6 Final comments 
In this chapter, the possibility to use graphene as solid lubricant for C40 steel 
have been investigated. On the study, the samples have been covered by 
graphene layer by using two different covering techniques. The first consists on 
the direct growth of grahene on the sample surface, while the second uses a layer 
of graphene previously grown on copper substrate and then transferred on the 
steel surface (here called TGC). For the DG method that uses a furnace for the 
growth, two different time of furnace pose have been considered: 5 minutes and 
10 minutes. This, in order to evaluate the effect of the “cooking time” on the 
tribological properties of the samples.  
The results of the ball-on-disc tests, analysed in terms of CoF and specific 
wear coefficient, show a general improvement thanks to the graphene coatings. 
In particular, the better CoF reduction is given by the TGC sample, while the 
smaller value of specific wear rate is given by the DG-10 minutes sample. 
By means a surface analysis executed by Optical Microscope and SEM, the 
mechanism of wear affecting the different samples have been analysed. In 
particular, the samples without graphene show the typical signs of adhesive 
wear. Instead, the TGC is clearly affected by abrasive wear, while for the DG 
samples traces of both abrasive and adhesive wear are displayed.  
The hardness measurement of the sample have been conducted in order to 
determine if the coating processes could affect the hardness of the sample: the 
results confirm that the DG technique (conducted by means a furnace) causes a 
decrease of the samples hardness, probably due to decarburization and grain 
growth.  
Considering the overall results, the graphene coatings developed by the two 
technique presented seems to be promising in reducinf CoF and wear of C40 
steel. Regarding the possibility to produce graphene coatings on a large-scale the 
DG methods should be more suitable than the TGC process on both technical 
and economic aspects.  
On the idea to replace the actual lubricants nowadays used on the mechanical 
applications, the coatings presented could fulfil this function leading to the goal 
of machine weight reduction and environmental impact decrease. 
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Conclusions 
In this research the problems of friction and wear related to mechanical 
systems have been discussed. In particular, the work has been focused on the 
fretting wear affecting spline couplings. The phenomenon, happening between 
the teeth in contact, causes malfunction and loss of reliability in high-power 
transmissions.  
After a preliminary description of the problem, the concepts of wear regime, 
wear mechanisms and wear models have been presented. Many authors 
investigated about the fretting wear occurring when sliding part are in contact 
presenting mathematical models and experimental tests. The main result comes 
from the Archard research: he developed the most common wear model, today 
used for many applications, called Archard model. The power of the model is 
the simplicity and adaptability to different conditions. According to the model, 
the wear volume produced in case of fretting depends directly on three 
parameters: contact pressure, sliding and wear coefficient.  
The contact pressure strongly depends on the load applied between the teeth 
and on the design of the component. In order to find the most important 
microgeometry parameters that is important to consider to reduce the wear, a 
numerical model of crowned spline coupling have been developed. Basing on 
the geometry of the crowned spline couplings, the contact between the two 
engaging teeth can be modelled using the theory of Hertz. In this way, the 
numerical model has been validated applying the Hertzian theory finding good 
accordance. A series of numerical models characterized by different 
microgeometry have been developed. In particular, geometry parameters as 
crowning radius and tooth profile have been changed. The results highlight the 
importance to realize microgeometry in order to obtain to vary the values of 
contact pressure and its distribution.  
Regarding the sliding occurring between the engaging teeth, it is found that 
there are two causes of them: the misalignment and the variable torque. The 
misalignment occurs when hub and shaft are not perfectly aligned: in this 
condition the contact point between the teeth move in harmonic way during the 
rotation of the component. Instead, the variable torque causes a different 
deflection of the teeth leading to sliding between the teeth in contact. For the 
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evaluation of the first contribute, an analytical approach has been presented 
based on kinematic considerations. While, the evaluation of the sliding due to 
the variable torque have been conducted by means the FEM model. Even using 
the numerical model, the influence of the tooth stiffness on the sliding have been 
estimated by changing the thickness. The results shown that changing the tooth 
thickness also the sliding varies. 
The Wear volume is another parameter appearing on the Archard law. The 
computation of the amount of loss material on damaged spline couplings is a 
difficult issue. Then, basing on the Archard law, a method for the wear volume 
calculation has been presented. The method is based on the hypothesis that the 
wear scar is modelled as a fraction of ellipsoid. Starting from a 2D profilometer 
measure of the teeth profile and implementing mathematical considerations, the 
volume of the semi ellipsoid can be calculated by discretizing.  
The realization of experimental tests on spline couplings in order to analyse 
how they are damaged depending on the work conditions is not even possible. 
The dimensions of the spline couplings for high power transmission, for 
example, make difficult the realization of apposite test rig. Following this 
consideration, a wear volume prediction method has been presented. The method 
is based on the use of a pin-on-disk tribometer in order to reproduce similar 
working conditions of a real spline couplings. Parameters as load, total distance 
travelled and sliding velocity can be calculated by means the Hertzian theory 
and the FEM model developed. 
The last parameter involving on the Archard law is the wear coefficient. It 
depends on the material of the parts in contact but also on the lubrication 
conditions. In order to mitigate the fretting wear on spline couplings lubricated 
by grease an innovative additive has been presented: graphene. At first, a series 
of pin-on-disk tests have been conducted using different mixture of grease with 
graphene. The results have exhibited a good decrease on the coefficient of 
friction respect to the grease without graphene. Next, an experimental campaign 
conducted on spline couplings have been presented. For these experimental tests 
a dedicated test rig has been used. The results have demonstrated that using the 
graphene-grease compound the coefficient of friction established between the 
teeth in contact decreases, giving to less wear.  
Finally, the possibility to use graphene as solid lubricant has been 
investigated. In fact, not in all application it is possible to apply liquid lubricant, 
and the use of solid lubricant is the only solution. A preliminary investigation 
about graphene cover on steel have been presented. Different covering process 
have been used and their difference on reduce the coefficient of friction have 
been evaluated. The experimental test conducted by means the pin-on-disk 
tribometer had done good results, confirming the high potentiality of graphene 
also as solid lubricant for steel. It is clear that the production methods presented 
in this work allow small-scale production and are suitable for the use in the 
research field. Future developments on methods that will allow large-scale 
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production at the industrial level would allow the use of graphene as lubricant in 
different sectors with more sustainable costs. 
 
